A novel in-gel bioanalytical immunodetection method has been developed to determine both the presence and the location of cocaine on the surface of banknotes. The cocaine was 'fixed' to the surface of the banknote via a coating of a polyacrylamide gel matrix.
Location-specific immunodetection of cocaine on banknotes

Introduction
The supply and consumption of cocaine is the cause of health, social and economic problems on a global scale. [1] [2] [3] In order to combat the effect of usage and trade, many countries implement laws that allow the seizure of circumstantial evidence associated with cocaine trafficking. 4, 5 Cocaine, detected on paper currency, can be indicative of drug use or trade and is thus used by police to provide circumstantial evidence, in a court of law, that the money was involved in drug trafficking or trade. 9, 10 However, presenting cocaine on banknotes as evidence requires that the concentrations of cocaine on the confiscated banknotes to be distinguishable from that present on notes in general circulation. The development of analytical methods for the quantitative analysis of cocaine on banknotes has led to efforts being made towards the identification of different degrees of contamination.
Analytical methods that enable the differentiation between 'drug money' (i.e. money which has been in direct contact with cocaine) and cocaine contamination from general circulation, and are in turn suitable for daily analysis in a forensic laboratory are crucial in providing such evidence. [6] [7] [8] [9] [10] [11] [12] [13] It is therefore important that a greater range of suitable methods for this type of analysis are developed.
At present, the analysis of cocaine on banknotes performed by law enforcement agencies is focussed on the use of ion-mobility spectrometry (IMS) as a means of quantification. 14 The method involves taking a representative sample of cocaine along two strips on the side of the banknote by vacuum sampling. 14, 15 Recently, it has been suggested that the area sampled may not provide an adequate representative sample of the cocaine concentration present on the note in its entirety. 15 For example, the primary location of cocaine on banknotes could be around the edges of the note rather than spread uniformly across it, in which case the cocaine present would be greater than indicated using the present method of
sampling. An analytical method which enables the areas on banknotes where cocaine contamination most frequently occurs is therefore necessary to confirm the authenticity of the results obtained using the current means of analysis. It is essential that the analytical method is developed to enable both the presence and location of the cocaine on banknotes to be determined.
Biological methods of immunodetection such as immunohistochemistry (IHC) and
immunocytochemistry (ICC) enable the location-specific detection of cellular antigens in specimens such as fixed tissue sections. Immunodetection of this nature enables the context of the antigenic material to be established in relation to other structural components in the sample. [16] [17] [18] The specific and sensitive nature of immunological detection methods facilitated by the antigen recognition ability of antibodies makes them highly suited for the detection of molecules at low concentrations in complex sample matrices. 19, 20 The immunodetection of antigenic proteins in polyacrylamide gels is most commonly performed via indirect methods such as western blotting, where proteins within the gel are first transferred to a membrane prior to immunostaining. 21 Certain limitations of western blotting have led to the development of a method for the in-gel immunodetection of antigenic material, first reported by Burridge following separation by SDS polyacrylamide gel electrophoresis. [21] [22] [23] The technique involves fixation of the protein fragments within the gel via an incubation step in trichloroacetic acid or isopropanol with acetic acid. 21, 22 It is thought that the action of the fixative may also act to improve the permeability of the gel to antibodies. 21, 22 Immunodetection is then facilitated by the direct incubation of the gel containing the antigenic material in solutions of primary antibody and then HRP-labelled secondary antibody. [22] [23] [24] [25] Since its inception, in-gel immunodetection has been adapted to include different visualisation techniques such as radioactive and fluorescent labelling, and has been applied for the detection of several different cellular antigens. 24, 25 The application of IHC methods for the detection of antigen on fabric has been previously described by Miller et al., who reported the successful immunostaining of brain cells on cotton fabric using IHCbased methodology. 26 The stability of cocaine in a proteinaceous tissue network formed by fixation using formaldehyde has also been studied by Viel et al. and Cingolani et al., who separately report the successful extraction of cocaine and benzoylecgonine from liver specimens up to seven days after fixation, indicating the suitability of a cross-linked hydrogel matrix for cocaine detection. 27, 28 Previously, we have shown that gold nanoparticles 29, 30 and magnetic particles [31] [32] [33] functionalised with antibodies can be used to detect drugs and drug metabolites. These metallic-particle antibody conjugates were used to detect these analytes in the sweat deposited within a latent fingerprint. 29, [31] [32] [33] [34] Through the use of fluorescently labelled secondary antibodies and fluorescence microscopy, not only was the presence of the drugs and drug metabolites determined but, simultaneously, the fingerprints could be imaged with high resolution. Banknotes are typically made of a blend or cotton and linen rag. 10, 35 Such materials may entrap antibody-particle conjugates. Additionally, banknotes are known to typically possess fluorescent anti-counterfeiting marks or images that may spectrally interfere with a fluorescence based imaging method used for the detection of cocaine.
Consequently, we have chosen to develop a new method, based on chemiluminescence, for the detection of cocaine on the surface of banknotes.
In this present study the development of a novel immunostaining method for the locationspecific detection of cocaine on the surface of banknotes is described. The cocaine was fixed to the surface of the banknote via the application of a polyacrylamide gel matrix.
Immunostaining of the immobilised cocaine on the banknote surface was subsequently performed using an anti-cocaine primary antibody, either pre-labelled with horse radish peroxidase (HRP) or in conjunction with a HRP-labelled secondary antibody. Visualisation was achieved by the application of a chemiluminescent substrate, producing a sensitive luminescent signal from the areas of the banknote where the cocaine was present. The developed method was applied to the detection of cocaine firstly on partial banknote samples spiked with cocaine standard. Whole banknote samples, from general circulation, were then analysed alongside whole banknote samples on which half of the note had been spiked with a sample of 'street' cocaine. Newly minted banknotes, with or without cocaine, were used as positive and negative controls, respectively. The results obtained in this preliminary study, for the first time, demonstrate the successful location-specific immunodetection of cocaine on banknotes.
Experimental Materials
All reagents were of analytical grade, purchased from Sigma-Aldrich (UK) and used as Native-PAGE gels were cast in a Hoefer S245 dual gel cassette and performed using a
Hoefer Mighty Small II vertical electrophoresis system. 16 x 18 cm 2 native-PAGE gels were cast using a Hoefer SE600 dual cassette. Gel electrophoresis was performed using an Amersham Pharmacia Biotech EPS 601 power supply. Colorimetric imaging of the native-PAGE gels was performed using an HP photosmart C4580 scanner. Chemiluminescent imaging was performed using a Fuji LAS-3000 imaging system; images were obtained at 30 s intervals in chemiluminescent increment mode and at high sensitivity for a total exposure time of 5 min. All images were contrast adjusted by +2. UV-Vis absorption spectra were recorded on a Hitachi U-3000 spectrophotometer at room temperature. Quartz cuvettes with a 10 mm path length were used. HRP-labelled anti-cocaine antibody was separated from unconjugated HRP by gel filtration using a GE Health Life Sciences Superdex 200 column (350 mL volume) and an Amersham Pharmacia Biotech AKTA Explorer. 20 mM phosphate buffered saline with 150 mM NaCl (pH 7.2) was used as a running buffer.
Absorbance intensity of the fractions was measured at 280 nm.
Development of the in-gel immunodetection method using native-PAGE gel electrophoresis
Control samples containing primary anti-cocaine antibody or secondary HRP-labelled antibody were imbedded into a polyacrylamide gel using a modified version of the nativepolyacrylamide gel electrophoresis (native-PAGE) method described by Walker. 36 The gels were cast as 8 x 10 cm 2 homogenous 7.5 % w/v acrylamide Tris-HCl slab-gels using 0.75 mm spacers. The pre-prepared gel mix was added slowly to the cassette and allowed to set at room temperature. 10 µL of the molecular weight marker was loaded into the first well of the gel. 15 µL of sample, diluted 1:1 in 1x native-PAGE Laemmli sample buffer 37 was then added to each remaining well. Electrophoresis was performed at 120 V constant voltage for approximately 3 h. Gels which were not required for in-gel immunodetection were stained using Coomassie brilliant blue R250 protein stain.
In-gel immunodetection was performed on unstained gels using a modified version of the method described by Desai et al.. 21 Following electrophoresis, the gel was removed from the cassette and transferred to a gel box. The gel was then submerged in approximately 50 mL of 50 % isopropanol/water for 15 min at room temperature. The isopropanol/water incubation was followed by a 15 min wash step in approximately 50 mL of dH2O. The gel was then An enhanced chemiluminescence (ECL) substrate solution was applied for the detection of HRP within the gels. For this, 10 mL of the ECL substrate solution was prepared by mixing 5 mL of reagent A (stable peroxidase buffer) with 5 mL of reagent B (luminol enhancer). This was added to the gel immediately after the final wash step, and was followed by a 5 min incubation in the dark at room temperature. The ECL solute ion was removed after incubation, and the gel was briefly rinsed (for around 15 s) in dH2O to remove any excess of the ECL solution. The gel was then placed between acetate sheets and imaged.
HRP labelling of polyclonal anti-cocaine antibody
The direct labelling of the primary anti-cocaine antibody with HRP to form an antibody-HRP conjugate was performed to simplify the immunodetection procedure. Anti-cocaine IgG was labelled with HRP using the periodate-mediated method of conjugation as reported by
Tijssen and Kurstak, 38 and Wisdom. 39 2 mg of HRP was dissolved in 500 µL of sterile-filtered dH2O. 100 µL of freshly prepared 0.1 M sodium periodate was added to the HRP solution and stirred for 20 min at room temperature, during which a colour change of orange to green was observed. The resulting solution was dialysed in mini-dialysis units overnight at 4 °C against 2 L of 1 mM sodium acetate buffer (pH 4.4). 50 µL of the anti-cocaine antibody was made up to 500 µL in 10 mM sodium carbonate buffer (pH 9.5). The pH of the dialysed enzyme was adjusted to 9.0 -9.5 by adding 10 µL of 0.2 M sodium carbonate buffer (pH 9.5), after which the solution containing the antibody was immediately added. The mixture was then stirred for 2 h at room temperature. 50 µL of freshly prepared sodium borohydride solution (4 mg mL -1 in dH2O) was added and the mixture was stirred for a further 2 h at room temperature. After conjugation, the resulting HRP-labelled antibody was separated from unbound HRP by gel filtration. The presence of protein in the eluted fractions from the column was monitored by absorbance at 280 nm. The fractions from the first peak at A280 were selected, and the presence of the HRP-labelled antibody was confirmed by SDS-PAGE and by UV-Vis spectrophotometry at A280 and A403. Fractions found to be containing the hapten were then concentrated to a 1 mL volume by centrifugation in a Vivaspin20 tube at 2,500 xg for 40 min at 4 °C. The Rz value, which is a measure of haem content (and an indicator of the purity of the preparation), was determined using the ratio of the absorbance intensity at A275:A403. 19 The concentration of the labelled antibody was estimated based on the absorption of HRP at 403 nm using the extinction coefficient . The solution was divided into 1 mL aliquots and stored at -20 °C.
Preparation of spiked partial banknote and whole banknote samples
In the UK, the Bank of England are the only authority who can destroy Bank of England banknotes. For the work reported herein, the Bank of England kindly provided the banknotes, both newly minted and those that had been used in general circulation. Following completion of the research, all partial and whole banknotes were returned to the Bank of England to be removed from circulation and destroyed. Whole or partial banknote samples were spiked with 'street' cocaine using the approach described by Ebejer et al.. 13 For the partial banknote samples, £5 GBP notes were first cut width-wise into ca. 4 cm wide strips before spiking. Newly minted £20 GBP notes were used as whole banknote samples. A flat glass plate was dusted with 25 mg of 'street' cocaine to represent a 'contaminated surface.'
The partial or whole banknote was then rubbed over the surface at random, in order to achieve sporadic but overall coverage. The same process was performed for both sides of the note. The contaminated glass plate was weighed before and after spiking to enable the quantity of cocaine adhered to the note to be estimated.
In-gel immunodetection of cocaine on partial banknote and whole banknote samples
In-gel immunodetection of cocaine on banknote samples was performed using a method based on that developed for the native-PAGE gels (as described above). Figure 1 shows a schematic overview of the developed method for the immunodetection on whole banknotes.
An appropriately sized gel cassette (8 x 10 cm 2 for partial banknote samples, and 16 x 18 cm 2 for whole banknote samples) was assembled using 1.5 mm spacers. A 7.5 % acrylamide native-PAGE gel mix was then prepared and poured slowly into the cassette. The pre-spiked partial banknote sample or whole banknote sample was then lowered slowly into the solution and pushed down with tweezers until completely immersed.
Air bubbles in the gel mix were removed by gently tapping the cassette, or by piercing the bubbles using a narrow pipette tip. A thin layer of ethanol (ca. 3 mm) was floated on top of the gel before the gel was left to set for ca. 40 min at room temperature.
Once set, the gel containing the sample was gently removed from the cassette and transferred to a gel box. For the whole banknote samples, excess gel (beyond ca. 1.5 cm of the edge of the banknote) was removed using a scalpel prior to transfer to the gel box. Once transferred, the gel was then submerged in 50 % isopropanol in dH2O (50 mL for partial banknote samples, or 100 mL for whole banknote samples) for 15 min at room temperature.
This was followed by a 15 min wash step in dH2O. 
Results and discussion
Method development
Polyacrylamide gels, commonly used for the separation of biomolecules by gel electrophoresis, were applied in this study as a matrix for 'fixing' the cocaine present on the surface of the banknotes. As the mechanical strength of covalently cross-linked acrylamide gels is known, the permeability of antibodies through the gels following treatment with 50 % isopropanol in water was first investigated. The immunostaining of acrylamide gels was initially performed using the method of Desai et al. following separation by native-PAGE. 21 The gels were run with a sample of rabbit polyclonal anti-cocaine primary antibody applied as the antigenic target, and a corresponding HRP-labelled anti-rabbit IgG secondary antibody as a means of immunolabelling. Solutions of BSA and of the HRP-labelled secondary antibody were included as negative and positive control samples, respectively.
Immunostaining was performed using an enhanced chemiluminescent (ECL) substrate. The resulting gel image shows a negative version of the stained gel, in which the luminescent signal produced by the presence of HRP is converted into 'staining' of a grey or black appearance on a white background. A gel containing the equivalent set of standards was also separated by native-PAGE but stained for all protein using Coomassie brilliant blue R250 rather than immunostaining. Figure 2 shows a typical set of results for this analysis.
The gel shown in Figure 2A was stained for protein using Coomassie brilliant blue R250 and run using the same set of samples as used for the immunostained gel shown in Figure 2B . In 
Application of the in-gel immunodetection method for the analysis of partial banknote samples
The immunodetection of cocaine, applied as a standard solution in acetonitrile onto partial banknote samples, initially proved unsuccessful using the HRP-labelled anti-cocaine antibody. The adherence of cocaine to banknotes has been described in previous studies to occur through the entrapment of crystals of the drug within the cotton and linen fibres comprising the banknote material. 42, 10 It was thought that cocaine applied as a solution would not adhere to the banknote in the same manner as the crystalline powder form of the drug, and would therefore yield a negative result. The procedure was thus repeated using a different portion of the same banknote sample spiked with crystalline 'street' cocaine rather than cocaine standard in solution. The street cocaine, which was received as a crystalline powder, was considered a more realistic representation of the form and purity of cocaine likely to be present on a banknote, rather than pure cocaine standard applied as a solution in solvent. Spiking was performed by rubbing both sides of a specific area of the note onto a surface covered in crystalline cocaine. It was noted that spiking in this way proved difficult and inaccurate, as the powder was prone to adhere to other parts of the banknote sample due to the small size of the area chosen for spiking. Due to the difficulty of accurately applying the crystalline cocaine to only one small area of a partial banknote, two separate partial banknotes, one with and one without cocaine, were instead analysed. This enabled the presence of cocaine to be determined in the absence of possible artefacts introduced by the method of spiking. A £5 note obtained from general circulation was cut into quarters, two of which were used for the analysis. Cocaine was then applied to both sides of the spiked 'positive' partial banknote.
The results of the analysis are shown in Figure 3 , with the non-spiked banknote shown in Figure 3A and B and the cocaine spiked 'positive' banknote in Figure 3C and D. The location of cocaine is indicated by the areas of dark grey staining, which results from the presence of the HRP-labelled antibody used to detect the cocaine within the gel which surrounds each banknote. The non-spiked and the 'positive' samples can be readily distinguished from one another based on the intensity of this dark grey staining on each of the notes. Overall, the staining on the 'positive' banknote (shown in Figure 3C and D) is the darkest on the note itself rather than the surrounding gel, indicating that the spiked cocaine has successfully adhered to the banknote during spiking rather than becoming removed from the note during the gelation process. In addition, staining of a darker grey coloration was observed around the edge of the 'positive' banknote side shown in Figure 3C , and to a lesser degree on the edge of the other side of the same banknote shown in Figure 3D . This increase in the intensity of the staining around the edge of the 'positive' banknote suggests that this is an area of the note where the cocaine had predominantly adhered to during spiking.
Alternatively, it is possible that the location of this staining could have also resulted from the migration of cocaine towards the edges of the banknote during gelation. Light grey staining, indicative of a low concentration of cocaine, was also observed on the non-spiked banknote shown in Figure 3A and B; this staining may have resulted from cocaine contamination on the banknote, obtained from general circulation, which was detected during the analysis. 
Application of the in-gel immunodetection method for the analysis of whole banknote samples
Following the successful immunodetection of cocaine on partial banknote samples, the method was then adapted and applied to whole banknote samples. As banknotes from general circulation are known to contain background levels of cocaine contamination, 10 newly minted notes (obtained directly from the Bank of England) were instead used as a truly negative sample matrix for the initial testing of the method. A clear difference in the intensity of staining was observed between newly minted negative control notes and those which had been spiked with 'street' cocaine over the whole of the note. These initial results suggested that the cocaine was successfully detected using the developed method. In order to confirm whether the staining was occurring at the location where cocaine was applied to the note, the analysis was repeated using newly minted banknotes where half of the note had been spiked with street cocaine and the other half left blank as a negative control area.
The results, a typical example of which is shown in Figure 4 (A-D), showed an area of intense staining at the edge of the spiked half of the note rather than over its entirety. The division between the positive cocaine-spiked side of the note (labelled 'P') and the nonspiked negative side of the note (labelled 'N') is indicated by the white line in Figure 4C and D. The area where the darkest staining occurred was at the edge of the banknote, rather than over the whole of the positive side of the note. This result suggested that the cocaine had migrated towards the edge of the note during gelation instead of remaining in its original spiked location.
The staining present on the area of the note shown in Figure 4C and D, which had been spiked with cocaine, was darker and more intense than that observed on the negative control note (shown in Figure 4A and B) although not the same degree of difference as observed in the partial banknote samples shown in Figure 3 . The greater intensity of the staining observed in Figure 3 was thought to relate to the level of wear of the banknotes, as the partial banknotes had been obtained from general circulation and were therefore more aged and worn than the newly minted notes. The aging of banknotes in general circulation has been reported to lead to a loosening and spreading of the tight weave of fibres that form the material of the note. 10, 42 These effects of aging in turn lead to a greater porosity within the weave, in which cocaine crystals can more readily become entrapped and retained by the loosened fibres. Figure 5 . The two sides of the first note are shown in Figure 5A and B, while the two sides of the second banknote are shown in Figure 5C and D.
The nature of the staining observed on both the first ( Figure 5A and B) and the second ( Figure 5C and D) banknotes from general circulation differed from that of the newly minted notes shown in Figure 4 . For instance, small circular dots of intense dark grey staining were present on the older notes in Figure 5 , as opposed to the overall grey hue seen on the newly minted notes. These localised spots of intense staining were thought to be the result of the detection of the levels of cocaine contamination present on the banknotes. The areas where the darkest staining occurred were on the right and left hand edge of the sides of the banknote shown in Figure 5C and D, respectively. It is possible that this staining may have resulted from the migration of cocaine towards that edge of the banknote during gelation.
However, due to the unknown nature of the sample and therefore the undetermined levels of cocaine contamination and location, the staining could be indicative of the presence of a large quantity of cocaine on that edge of the banknote. Staining of this nature was not observed in the other five banknotes that were analysed, suggesting that the images shown in Figure 5C and D highlight genuine detection of cocaine along the edge of this particular banknote. To confirm whether this pattern of staining due to the detection of cocaine was typical of banknotes from general circulation, further analyses of a larger number of banknotes would be required. The difference between the type of staining between the newly minted and the older banknotes from general circulation was thought to be due to the loosening of the banknote fibres that allows the entrapped cocaine crystals to remain in place even during application and subsequent gelation of the acrylamide gel. Due to the unknown levels of cocaine present on the banknotes obtained from general circulation, the genuine immunostaining of cocaine could not be confirmed based on these results alone. In order to confirm whether the small, intense spots of immunostaining observed on the banknotes obtained from general circulation were the result of genuine immunodetection of cocaine on the surface of the note, the procedure was repeated on a set of half-spiked banknotes similar to the analysis previously performed on the newly minted notes (Figure 4 ).
A typical result is shown in Figure 6 together with a non-spiked banknote from general circulation. The two sides of the non-spiked note are shown in Figure 6A and B, while the two sides of the half-spiked banknote are shown in Figure 6C and D. Overall, a greater number of stained areas were observed on the half-spiked banknote in Figure 6C and D as compared to the non-spiked note in Figure 6A and B. Further, a greater number of stained areas were also present on the cocaine-spiked half of the positive banknote (labelled 'P') than the non-spiked half of the banknote (labelled 'N'). In particular, the side of the banknote shown in Figure 6D featured a greater number of dark spots of staining on the positively spiked half. The nature of the staining differed between the two banknotes; for example, the majority of the staining present in Figure 6C and D appeared as circular spots, whereas a high proportion of the staining in Figure 6A and B was present as a band of darker colouration toward the bottom edge of the banknote. These results suggest that the locationspecific visualisation of cocaine on the surface of banknotes can be achieved using the developed in-gel immunodetection method. with cocaine is labelled 'P', and the side without 'spiked' cocaine is labelled 'N'.
Chemiluminescent imaging was performed using a Fuji LAS-3000 imaging system, on high sensitivity mode for a total exposure time of 5 min. The white circles indicate where air bubbles are present in the gels.
Conclusions
In this study, the development of a novel in-gel immunodetection technique for the qualitative detection of cocaine on the surface of banknotes has been reported. The results obtained here show that the immunodetection technique enables the direct immunostaining of the cocaine at the location at which it is present on the banknote. Overall, the results from the preliminary analysis of banknote samples performed during this study suggest that cocaine can be present at variable locations across the whole of the banknote. Based on the sporadic levels of contamination on the banknotes sampled, it is imperative that methods used by law enforcement agencies to determine cocaine contamination across the surface of notes provide a representative sample from the whole banknote.
